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THE NON-NEUTRAL IONIZED CHEMICAL
EQUILIBRIUM SUBROUTINE

SECTION 1
INTRODUCTION

The Non-neutral Ionized Chemical Equilibrium Subroutine was prepared for
utilization with a general viscous shock layer program being developed at the
Ames Research Center of NASA. It serves to isolate the complexities of the
chemistry solution outside of the logic associated with the shock layer solu-
tion and thus to permit greater flexibility of operation. The NICHE subroutine
treats a general chemical system composed of up to 25 arbitrarily selected
molecules and ions. It evaluates the state based on assigned elemental com-
position, surplus or deficit of charge, pressure and enthalpy (or temperature).
The state evaluation yields composition, temperature (or enthalpy), and deriv-
atives of these properties with respect to the input parameters.

To accelerate its operation when coupled to the viscous shock layer,
certain special features have been included in this subroutine. These include
1) separation of the input features into a separate main program which pre~
pares a binary data tape, and 2) optimization of first guesses by storing the
variables necessary to specify these guesses at each shock layer station.

In addition to the thermodynamic state specification, certain terms appro-
priate to transport property evaluation are determined. These terms are de-

scribed in Reference 1.

This report describes the operation of the subroutine including the prep-
aration of input, the communication between it and the calling routine, the
general nature of the solution process and the accuracy of the calculated de-

rivatives.

SECTION 2
PROGRAM INPUT

A separate program (INPUT) is used to read all the necessary input data
required by the NICHE subroutine. This data is manipulated and organized and
placed on a binary tape for subsequent use by the NICHE subroutine.

The input to INPUT is of three types - elemental informatibn, diffusion
factor data, and thermodynamic data. The form and nature of this input is

described in the following paragraphs.



ELEMENTAL DATA

Card 1, Format 2I3, Fll.4
Field 1 (Cols. 1-3, right justified)
Number of elements in the system (in ionized systems

the electron is treated as an additional element).

Field 2 (Cols. 4-6, right justified)
Logical unit number on which binary output from the
program will be stored.

Field 3 (Cols. 7-17)

Power on molecular weight if assumption that F, = mi
to a power is used. Power presumed to be 0.5 if no
entry is provided. The Fi (see Ref. 1) are referenced
to D which approximates, in this case, the self-diffusion
coefficient of 0,, specifically,

D 4.168 x 10~° 7°/2 /(pQ)

1l

@]
Il

1.07(7/106.7) “*°°

where D is ft®/sec, T is in °K and P is in atmospheres.
The constgnt in the first equation presumes a collision radius
of 3.467 A. The latter equation is based on a curve fit of
Leonard-Jones cross-sections as a function of reduced tem-

peratures with ¢/k for 0, taken as 106.7.

cards 2, 3, ..., one for each element, Format I3, 3a4, Fl0.5
Field 1 (Cols. 1-3, right justified)
Atomic number of element (99 for electron). Cards are

ordered with this number ascending.

Field 2 (Cols. 4-15)
Name of element (for output only)

Field 3 (Cols. 16-25)

Atomic weight of element.

DIFFUSION FACTOR DATA

Ccard 1, Format I3
Field 1 (Cols. 1-3, right justified)
Negative number of molecules for which diffusion factor
data is being supplied. Other molecules will use power

on molecular weight approximation:



m.

8 to power

If value is positive this card is assumed to be first card
of next set (thermodynamic data)

Card 2, ..., if and as required, Format 4 (2A4, E12.4)

Field 1, 3, 5, and 7 (Cols. 1-8, 21-28, 41-48 and 61-68)
Name of molecule as it appears in Cols. 73-80 on first

card of 3-card thermodynamic data set for the molecule.

Field 2, 4, 6 and 8 (Cols. 9-20, 29-40, 49-60 and 69-80)
Diffusion factor Fi for molecule

THERMODYNAMIC DATA

(3 cards for each molecule, blank card after last molecular
set concludes thermcdynamic data.)
Card 1, 4, 7, ..., Format (7(F3.0, I3), 30X a6Aa2)

Field 1, 3, 5, ..., one for each element in molecule (Cols. 1-3,

7-9, 13-~15,...)
Number of atoms (of atomic number given in subsequent field)
in a molecule of this species. If field one is negative this
card is presumed to be first card of diffusion factor data
set. If field one is zero this card is presumed to be end
of thermodynamic data.

rieid 2, 4, 6, ..., one for each element in molecule (Cols. 4-6,
10-12, 16-18, ...)
Atomic number of elements in molecules listed in ascending
seguence.
Last Field (Cols. 73-80)
Molecular designation for output and as identifier for dif-
fusion factor data.

Card 2, 5, 8, ..., one for each molecule (Format 6E9.6,6X, F6.0, Il

Field 1 {(Cols. 1-9)

Heat of formation of molecule at 298°K from JANAF base state
(elements in most natural form at 298°K) cal/mole.

Fields 2-6 (Cols. 10-18, 19-27, 28-36, 37-45 and 46-54)
Constants appropriate to lower temperature range of thermo-
dynamic data (see below)

Field 7 (Cols. 61-66)

Upper limit of lower temperature range in °K.




Field 8 (Col. 67)

Zero indicates gaseous species.

Taking Fz, F3, ..., as Fields 2, 3, etc., the curve fits are as
follows:

C, = Fy + FuT + F/T°

h -nh =F+[FT+—]=FT2—F/T]

298 2
3 2 4 5 3000
1 1 T
s=F+[:F in T+ F,T - = FT——F/T‘?:I
6 3 4 2 4 275 3000

with T in °kX h in cal/mole and s in cal/mole °K
Card 3, 6, 9, ..., one for each molecule, Format 6E9.6, 6X, F6.0, Il

Same as Cards 2, 5, 8 except for upper temperature range and
Field 7 is ignored.

The arrangement of these card sets is of consequence in so far as it
determines the "elemental" order of the system of mass balance equations, a
significant factor in the communication between the shock layer and chemistry
routines., If the first five molecules are 02, C, H2, N2, e”, then the mass
balance indices must correspond with oxygen as one, carbon as 2, etc., with
the charge balance occurring as the fifth balance. For a general discussion

of the term "element" as used by these routines, see Reference 2.

The tape that is prepared by the INPUT program will subsequently be read
by the Subroutine EQUIL on the first call from the shock layer routine. This
represents the extent of outside input to the NICHE subroutine. Additional
information is provided to it via the call from the shock layer routine and

through COMMON. This communication will be discussed in the next section.

SECTION 3
COMMUNICATION WITH CALLING ROUTINE

The call list provides communication for temperature (or enthalpy) and
pressure, in that order. All other variables are communicated via COMMON.
COMMON/ACEC/ is the principal vehicle for this communication, although certain
variables are also communicated via COMMON/EQUI/and/MAINC/. The following

table serves to identify these variables, as well as those in the call list.




CALL EQUIL LIST

Z enthalpy in cal/gm, if 3IU = NPU
temperature in °K, if IU # NPU
dummy if Z = O

PRR pressure in atm if PRR # O

COMMON/ACEC/* (all variables generated in NICHE)

VNU(3,1) stoichiometric coefficients in formation of one molecule
of j from base species 1i. The base species are the
first IS molecules in the thermodynamic data set where
IS is the number of elements. This set will be rearranged
by the INPUT program, if necessary, to achieve a valid set
of base species,

CI(3) mass fraction of molecule j

DIT(3) multicomponent thermal diffusion coefficient of molecule
j. See Reference 1.

DVDCP (j, 1) derivative of mole fraction of molecule 3 with respect
to mass fraction of "element" i at constant tempera-
ture and pressure, times molecular weight of "element" i

DVDP (3j) derivative of mole fraction fo molecule Jj with respect
to pressure (in atmospheres) at constant temperature and
"elemental" mass fractions

DVDT (3) derivative of mole fraction of molecule j with respect
to temperature (in °K) at constant pressure and "elemental"
mass fractions

FF(3) diffusion factor F of molecule j

H(3) enthalpy of molecule j in cal/gm

FAMOA (3) first six characters in designation of molecule j

VN (3) mole fraction of molecule 3j

WTM(3) molecular weight of molecule Jj. Note that the first IS
members of this array are the molecular weights of the
"elements"

ZI(3) diffusive mass fraction of molecule j (see Ref. 1) also
referred to as Z-potential

CPF frozen heat capacity of system in cal/gm°K

DBAR D of Reference 1 in ft®/sec. See discussion in preceding
section

HIP enthalpy of system in cal/gm

* 3
This entire common as well as COMMON/ACRE/ are equivalenced to ACECE and
ACREE in order to facilitate storage and retrieval from the binary tape.




VLAM
VMU
VMU1

VMU 2

WM

COMMON/EQUTI /

CPPS (1)

COMMON/MAINC/

CIA(4,3)

CPP(£,3)

19(1)

19(2)

IU

IY

NPU

COMMON/ACRE/

VMW (£)

IFFI (£)

—6—

pressure in atmospheres

density of system in 1b/ft®

system temperature in °K

thermal conductivity of system in Btu/ft °R
viscosity of system in 1b/ft sec

“1 of Reference 1
uz of Reference 1

system molecular weight
(all variables unaltered by NICHE)

mass fraction of "element" i divided by molecular weight
of "element" i at the edge of the shock layer. Used
to define "elemental" composition of system if IU = NPU

(all variables unaltered by NICHE)

mass fraction of molecule Jj at station £ in shock
layer. Used to define initial guesses in NICHE after
calculations have once been performed at station £

mass fraction of "element" i divided by molecular weight
of "element" i at station £ in shock layer. Used to
define "elemental" composition of system if IU # NPU

logical unit number from which binary information gener-
ated by INPUT is to be read on first entry into EQUIL

on first call of EQUIL used to establish KR(9). Subse-
quently KR(9) = 0 yield full unequal diffusion and

thermal diffusion model, KR(9) = 1 eliminates thermal
diffusion and KR(9) = 2 yields equal diffusion coefficients
with no thermal diffusion

index £ on shock layer surface normal coordinate.
= 1 at wall, = NPU at shock wave)

on first call of EQUIL used to establish debug output flag
KR(7) namely KR(7) = 5*IY - 4. If KR(7) > 1 full debug
output is printed at each iteration and KR(7) is decre-~
mented by 1. If KR(7) > 0 single line of debug output is
printed at each iteration. KR(7) is not reinitialized
with each call.

number of stations in surface normal direction

{not used outside of Niche but...)

molecular weight at station £ in shock layer. Used to
establish initial guesses after first entry into EQUIL at

station £

flag used to establish if prior entry at station £ has
occurred.
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The dimensions on variables are consistent with the subscripts given

above. As currently compiled the limits on the indices are

3 25
i 6
) 11

Variables dimensioned 25 or 26 are related to j. Variables dimensioned 6,
7 or 10 (except KR(10)) are related to i. All other variables in NICHE
have fixed dimensions, except ACECE and ACREE which are dimensioned to con-
tain all of COMMON/ACEC/ and COMMON/ACRE/, respectively.

SECTION 4
GENERAL NATURE OF SOLUTION

In Reference 2 a general description of the solution procedure is pre-
sented. Certain specific aspects of the solution process with regard to
non-neutral chemical states deserves discussion here, however. The charge
balance is treated together with the elemental mass balances by a relation

of the form
) Pyv5,i TPTes

where i is the index appropriate to the mass or charge balance, the P are
partial pressures of molecule j in the system, the Vji are the stoichio-
metric coefficients in the formation of one molecule of j from the base
species, M 1is the system molecular weight and a; is the conserved variable
associated with "elemental” mass balances or the cﬂarge balance. 1In the
charge balance (i = e) with the electron taken as the only charged base spe-

cies, represents the negative charge on molecule j. For example,

V.
J,e

Vj e for Not and 02' are -1 and +1, respectively. For a neutral system

g is zero. If there is a charge deficit g < 0 yielding a net positive
charge on the system. Specifically Go is the charge excess in a one gram

system divided by Avogadro's number.

The transport property model of Reference 1 is, by implication, being
applied to ionized systems. The wisdom of this application is open to serious
question in highly ionized systems. For neutral slightly ionized systems,
the model is probably useful and certainly will indicate, under more severe

conditions, major trends in the non-neutral ionized shock layer.
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SECTION 5
DERIVATIVE CALCULATIONS

The evaluation of various partial derivatives is a major aspect of the
solution procedure. 1In order to demonstrate the accuracy of this procedure
Tables I(a)-I(f) were prepared. These tables indicate the state solution at
the mass fractions, temperature and pressure given in Table I(a) and at a
set of incrementally different states, with only one parameter being incre-
mented for each solution. Thus the indicated derivatives can be checked.

The checks yielded uniformly accurate results. For example

3p__
559— = 1.406 x 10" and 1.294 x 10°° Tables I(a) and I(f)
= 1.350 x 10°°
By finite difference I(a) less I(f)
op _ -2 -2
aTe _ 2.2436 x 10°° - 2.1086 x 10 . 1.350 x 10-°

9000 - 890q]

Or, letting ﬁc represent the mass fraction of the element carbon,

apc+ 2

— 672 x 10°° and 3.797 x 10~ Tables I(a) and I(b)
3K
C

3.734 x 107°

and by finite difference 1I(a) less I(Db)

dp + -3 _ -3
c _ 9.6200 x 10 9.2467 x 10 = 3.733 x 10~

3K, 1.753 x 107" - 1.653 x 107
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SECTION 6
RECOMMENDATIONS

Because of the uncertainties of the transport property model of Refer-
ence 1 as applied to highly ionized non-~neutral systems, it is recommended
that "exact" first order transport property relations be used to evaluate
fluxes in the shock layer solution. This would involve inclusion of cross-
section data for each diffusing pair. Inasmuch as a single potential model
is inappropriate for all pairs in an ionized system, input preparation would
become more extensive but uncertainties would be better defined. It appears
that the inclusion of this model would not necessitate any major modification

of the shock layer program.
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